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Antibodies expose multiple weaknesses in the glycan shield of HIV
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A shield of glycans coat the viral envelope proteins of the human immunodeficiency virus (HIV). Broadly neutralising antibodies can recognise this shield despite structural variation in these ‘self’ carbohydrate structures. Whilst the attachment and fusion spike (gp120/41) is encoded by the viral genome, a dense array of glycans are attached by infected cells during viral biogenesis. These ‘self’ glycan structures have been shown to protect the virus from antibody neutralization1. However, there is a growing body of evidence to suggest that antibodies capable of neutralising a broad range of viral isolates can do so by binding to these ‘self’ glycans. One critical factor that make HIV glycans an attractive vaccine target is that their structural variation  is considerably lower than that of the viral protein sequence2,3.  In this issue, Kong et al. 4 and Pancera et al. 5 demonstrate that there are multiple modes of viral neutralisation involving glycan-recognition and they show how such broadly neutralizing antibodies (bnAbs) can tolerate structural diversity within both highly conserved and more variable regions of the glycan shield. Together these studies reveal sites of vulnerability in the viral envelope. 
	Although assembled by the cell, the processing of gp120 glycans is divergent from that typically seen on host cell glycoproteins. Glycans constitute approximately half the mass of gp120. Such high density results in incomplete processing and the emergence of  oligomannose-type glycosylation. This resulting ‘mannose patch’ phenomenon is attributed to the dense packing of glycans which structurally preclude full enzymatic processing from oligomannose to hybrid- and then complex-type glycosylation. Virus neutralisation through antibody recognition of this ‘mannose patch’ was originally demonstrated for 2G12, an unusual antibody that binds the termini of oligomannose-type glycans and achieves avidity by unusual domain-exchange of the heavy chains6-8. Many glycan-binding bnAbs have now been isolated9. Crystallographic analyses of several of these antibodies (PGT-128, PG9, and PGT121) in complex with respective glycan-bearing antigens10-12, have revealed how recognition of multiple glycans may be achieved by single antibody binding fragments (Fab) which without domain exchange.
	A major challenge for the generation of bnAbs to the glycan shield is how to maintain neutralization breadth and potency despite microheterogeneity at individual glycan sites together with the shifting or mutation of glycosylation sites across viral isolates13. Kong et al. reveal the epitope of PGT135 by the crystallographic analysis of the Fab in complex with gp120, CD4 and Fab 17b (ref. 7). The PGT135 epitope is dominated by two glycans (at Asn332 and Asn392) which flank a central protein–protein interface. The structure of the PGT135 epitope, together with previous analysis of the epitopes of 2G12 and PGT128, reveal that the Asn332 oligomannose-type glycan can be recognised by a large range of clonally unrelated antibodies exhibiting diverse binding modes (Fig. 2)8,10. Consequently, there may be multiple immunological solutions to the recognition of this epitope which potentially may be inducible by vaccination.
	Glycan microheterogeneity poses a challenge to the development of a focussed immune response. Within the mannose patch, microheterogeneity is more restricted than that observed on the variable loops, which can exhibit a larger range of structures depending on the viral biogenesis pathway adopted and the cell type. Pancera et al. reveal the architecture of the epitope of PG16 in complex with a V1/V2 loop scaffold expressed to contain hybrid-type glycans12. PG16 displays a mixed glycan/protein epitope but there are important differences in recognition mode to those bnAbs that recognise glycans of the intrinsic mannose patch3,7,14 .   
	Pancera et al. show that PG16 forms backbone–backbone contacts with the gp120 scaffold protein, together with regions of side chain packing14. Importantly, the structure and glycan-binding analysis reveal how structurally dissimilar glycans at one of the two positions can be tolerated. PG16 binds Man5GlcNAc2 and whilst binding to larger oligomannose structures could be envisaged, expression of the virus with kifunensine, which traps the processing at Man9GlcNAc2, blocks PG16-mediated neutralisation14. Man5GlcNAc2 is an abundant structure on the virion surface2. However, the structure of the second glycan on this scaffold is an α2,6-sialylated hybrid type glycan which was generated by expression of the V1/V2 scaffold with swainsonine. Hybrids have the core Man5GlcNAc2 but are processed akin to complex-type glycans along one arm. Whilst Pancera et al. present compelling evidence that PG16 shows preferential binding to sialylated glycans (like the related PG9), they also show that the incorporation into PG9 of a patch of sialic acid-binding residues from PG16 leads to enhanced viral neutralisation. However, it is also clear that sialylation, and indeed the presence of hybrid and complex-type glycans, is not necessary for PG16-mediated neutralisation on all viral strains15. Desialylation reduces neutralisation potency5 but PG16 can also neutralise virus derived from cells incapable of processing glycans beyond Man5GlcNAc2 (ref. 15). These observations are similar to those made for PGT121 where the binding to complex-type glycans didn’t significantly contribute to the binding affinity to gp120 and was dispensable for neutralization12. These observations underscore the concept of antibody promiscuity in gp120 glycan recognition12.   
	The structure of the hybrid glycan binding site of PG16 presents intriguing possibilities for accommodating different glycans. For example, there are available aromatics in the antigen-binding loops that could well assist in the recognition of other glycan structures. It can be argued that the PG16 and PG9 somatic variants are beginning to reveal extensive plasticity in glycan recognition. This tolerance to diversity at the secondary glycan-binding site and the importance of the protein–protein interface is underscored by the observation that strains lacking glycans at the second site can also be neutralised by PG16 (ref. 11). Thus bnAbs to the glycan shield can adopt architectures that can both exploit and tolerate chemical diversity at some glycan sites. As observed in the crystal structure of 2G12, secondary low affinity glycan-binding sites may well emerge as important components to the generation of high overall affinity8. It will be interesting to see if different tolerances to glycan diversity emerge to be dependent on the site of vulnerability within the glycan shield.
	How can glycan-reactive antibodies be induced by vaccination given that they are well tolerated by the immune system? That bnAbs arise only after chronic infection underscores the importance of appropriate adjuvant and immunization strategies. One possibility may be to revisit strategies pursued in the wake of the structural characterization of the 2G12 epitope14. 2G12 was shown not only to bind‘self’ oligomannose structures but also mannans from some AIDS-associated pathogens16. This prompted immunization studies using yeast mannans which yielded antibodies capable of cross-reacting with gp120 albeit at low titres17-19. Now that a wider range of recognition modes for gp120 glycans have been established, it is conceivable that an anti-glycan immune response will be an important component of a successful vaccine. Whilst hurdles remain, the structures presented by Kwong et al. and Pancera et al.  reveal multiple weaknesses of the glycan shield of HIV.
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FIGURE LEGENDS

FIGURE 1. Organization of the viral spike of HIV. The protein surface (blue) is based upon cyo-electron microscopy analysis20. The glycan shield is shown in light green, the CD4 binding site (bs) in yellow, the glycan epitope at Asn332 in dark green, and the V1/V2 loop in brown. 

FIGURE 2. Schematic representations of the crystal structures of 2G12, PGT135 and PG16 in complex with their respective gp120 antigen. The oligomannose glycans of gp120 are depicted as green sticks, and the processed arm of the hybrid-type structure of the PG16 epitope is coloured: blue (N-acetylglucosamine), yellow (galactose) and pink (sialic acid).
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